In this Letter, we report a method to prepare a liquid crystal (LC) lens based on a variable pretilt angle of a photoalignment (PA) layer. With precise control of the irradiance, such PA provides good control on the pretilt angle that can be tuned in the range of 1°-89°. Therefore, the precise control of the irradiance generates a spatially varying pretilt angle with any desired pretilt angle profile. Thus, the tunable LC lenses have been fabricated and characterized. With low voltage operations, easy fabrication, and relatively high switching speed, such lenses can be applied in many modern optical and photonic devices. -9]. The main idea for the tunable LC lens is to provide the lens-like phase profile, i.e., converging or diverging to the propagating wave. The most common approach is to control the LC director by means of a nonuniform electric field that could be done by the nonhomogeneous cell gap, curved or patterned electrodes, and by some nonuniform alignment. However, all of these approaches deal with complicated fabrication procedure, high power consumption, and poor optical performance [6] [7] [8] [9] . In a different approach, variation of the anchoring energy or pretilt angle has been proposed to fabricate low power consuming LC lenses. However, providing quantized distribution of nonuniform anchoring energy is a real challenge for the community. On the other hand, spatially varying the pretilt angle can be a good alternative to achieve low power consuming tunable LC lenses. The pretilt angle of the LC alignment is an important parameter to define the characteristic of LC devices. Usually, most of the LC devices are based on either planar or vertical alignment that corresponds to the pretilt angle values 0°-10°or 80°-90°. Achieving stable pretilt angles between 10°and 80°is still difficult [10] . In recent years, several LC applications, such as bistable display [11] Recently, Tseng et al. reported LC lenses based on varying pretilt angles fabricated by the stacked alignment (two or more alignment layers) layer [13] . These lenses provide low voltage operations. However, the stacked alignment layer fabrication is rather complicated and imposes certain limitations for the alignment quality and fabrication procedure. Here, we report a tunable LC lens based on the approach of controlling the pretilt angle profile by means of the irradiance doses of a photoalignment (PA) layer. Such a PA layer provides precise control on the pretilt angle over a wide range of the pretilt angles, i.e., 1°-89°, which provides a great potential for applications not only in the tunable LC lens but also for other photonics and display devices.
Liquid crystal (LC) lenses have been explored extensively in recent years [1] [2] [3] [4] [5] . Because of electrically tunable focal lengths, these lenses have many applications, like three-dimensional displays, imaging systems, microscopes, zooming systems, optical tweezers, etc. [4] [5] [6] [7] [8] [9] . Compactness in size and easy tunability provides an edge for such lenses to be applied in portable mobile devices, like cell phones, cameras, and pico projectors. However, the power consumption, aperture, and switching time are still serious issues, particularly for portable devices. Several attempts have recently been made to improve the characteristics of such lenses [1] [2] [3] [4] [5] [6] [7] [8] [9] . The main idea for the tunable LC lens is to provide the lens-like phase profile, i.e., converging or diverging to the propagating wave. The most common approach is to control the LC director by means of a nonuniform electric field that could be done by the nonhomogeneous cell gap, curved or patterned electrodes, and by some nonuniform alignment. However, all of these approaches deal with complicated fabrication procedure, high power consumption, and poor optical performance [6] [7] [8] [9] .
In a different approach, variation of the anchoring energy or pretilt angle has been proposed to fabricate low power consuming LC lenses. However, providing quantized distribution of nonuniform anchoring energy is a real challenge for the community. On the other hand, spatially varying the pretilt angle can be a good alternative to achieve low power consuming tunable LC lenses. The pretilt angle of the LC alignment is an important parameter to define the characteristic of LC devices. Usually, most of the LC devices are based on either planar or vertical alignment that corresponds to the pretilt angle values 0°-10°or 80°-90°. Achieving stable pretilt angles between 10°and 80°is still difficult [10] . In recent years, several LC applications, such as bistable display [11] , nobias-bend fast switching display [12] , LC tunable lenses, [13] etc. appeared, which demand a pretilt angle in the range of 10°-80°. Therefore, several methods to generate the broad range of pretilt angle have been proposed that include mixing of planar and vertical alignment material [10, 14] , mixing of polyamic acids [15] , stacked alignment layer [13, 16] , oblique evaporation of SiO 2 [17] , etc.
Recently, Tseng et al. reported LC lenses based on varying pretilt angles fabricated by the stacked alignment (two or more alignment layers) layer [13] . These lenses provide low voltage operations. However, the stacked alignment layer fabrication is rather complicated and imposes certain limitations for the alignment quality and fabrication procedure. Here, we report a tunable LC lens based on the approach of controlling the pretilt angle profile by means of the irradiance doses of a photoalignment (PA) layer. Such a PA layer provides precise control on the pretilt angle over a wide range of the pretilt angles, i.e., 1°-89°, which provides a great potential for applications not only in the tunable LC lens but also for other photonics and display devices.
The PA material CPL024 [from Dai-Nippon Ink and Chemicals (DIC)], which is a cross-linking polymer, provides a broad range of pretilt angles (1°-89°) depending on the irradiance doses. The pretilt angle profile for the CPL024 at different irradiance has been studied by making a 10-μm thick-antiparallel LC cell with several distinct areas with different irradiance (Fig. 1) . The fabrication process includes the following steps. First, the CPL024 powder was dissolved in solvent cyclohexanone with a concentration of 0.5% wt∕wt. Then, the solution was spin-coated on ITO glass substrates and thereafter exposed by UV light, of the wavelength 328 nm, at a plane inclined obliquely at an angle of 45°. This oblique exposure defines the azimuthal direction φ (defined in Fig. 1 ) of the alignment layer which is critically important to generate such a regular pretilt angle profile; otherwise it will be random. The fabrication process flow is shown in the top insertion of Fig. 1 .
Thereafter, the crystal rotating method was used to measure the pretilt angles for different areas with different irradiance; its dependence is shown in Fig. 1 . The pretilt angle increases with an increase in irradiance. The inset at the bottom right of Fig. 1 represents the photos for the LC cell with different pretilt angles achieved at different irradiance, which confirms the good alignment quality with different pretilt angles. The slight change in effective birefringence and the cell gap can be attributed to the variation in brightness and color appearance for different exposure times. Moreover, the achieved pretilt angle is pretty stable against temperature and other environmental conditions. Almost no changes have been observed, even after several days. The pretilt was measured again after several hours of photographing with the thermal exposure at 100°C. The deviation in the two experiments is within the experimental error and reveals material stability.
The pretilt angle depends on the irradiance. Therefore, spatially variable UV irradiance patterns can be employed to achieve any desired pattern. The same approach has been used to fabricate the LC tunable lens. The fabrication process to fabricate the LC lens is as follows. First, the CPL024-coated ITO glass substrate was exposed obliquely for 1 s using the setup showed in Fig. 1 to define the preferred azimuthal direction φ, which provides the pretilt angle of ∼1°. Afterward, one of the two substrates was exposed further, with the same setup, for 32 s more, which produced the pretilt angle of ∼89°. However, the second substrate was exposed normally by the same UV source but through a mask with a circular aperture. The schematics of the experimental setup and cell structure are shown in Figs. 2(a) and 2(b) , respectively.
To generate the spatially variable UV irradiance, a mask with circular structure of radius R was placed at a distance D from the substrate. Due to the angular divergence (β) of the UV light source (i.e., ∼5°), the UV light will leak onto the substrate surface from the border of the mask. When R∕D tan β, the light intensity exposed on the substrate will be distributed in circular symmetry with the smallest intensity at the center and the largest at the border of the circle. Therefore, after being exposed through this irradiance pattern, the pretilt angle defined on the substrate will be spatially variable with the smallest pretilt angle (∼1°) at the center and increasing gradually to the largest pretilt angle (∼89°) at the border.
In the next step, the LC cell was assembled with the prepared substrates in an antiparallel azimuthal arrangement. The cell gap was maintained at 15 μm, and a nematic LC RDP97304 (from DIC Corporation) with δn 0.27 was filled into the LC cell. The fabricated tunable LC lens structure is shown in Fig. 2 . This LC lens is polarization dependent. For the polarization plane parallel to the azimuthal direction of alignment, the LC cell has spatially variable phase value, while in the perpendicular direction it has a uniform phase profile. Nevertheless, this polarization dependence is not the issue and can be resolved by two or multiple stacks [18, 19] .
In order to characterize the fabricated tunable LC lens, the phase profile in the direction that is parallel to the azimuthal direction has been measured. Polarization microscopy was used to analyze the phase profile. A red filter with a transmission peak at 650 nm was used to filter the white light source to narrow band light. Thereafter, the fabricated LC lens was placed between crossed polarizers with the azimuthal direction at 45°i n the plane. After that, an AC signal with frequency 1 kHz was applied to tune the LC lens. The microscopic photographs of the LC lens at different voltage are shown in Fig. 3 , wherein the length of the marker is 700 μm.
The transmittance at different points can be calculated as
where d is the LC cell gap, Δn is the average birefringence, and λ is the light wavelength. The transmittance value was extracted from the photos shown in Fig. 3 , and Eq. (1) was used to calculate the retardation parameter profile where the retardation parameter is defined as δ πdΔn∕λ. The retardation parameter profiles for the fabricated circular LC lens at different voltages are shown in Fig. 4 . All of these retardation parameter profiles show parabolic character that is also the best case for any lens design [18] . The solid lines in Fig. 4 represent the best fit of the parabola approximation to the experimental retardation profile (open legends). It is clear from Fig. 4 that the retardation parameter profiles fit very well with the parabola approximation, which confirms the working concept of the designed LC lens. The focal length f of the LC lens could be calculated by the equation
where r is the radius of the LC lens, d is the cell gap, and n e2 − n e1 represents the effective refractive index difference between the center and the border of the LC lens. Using Eq. (2), f can be calculated along with the retardation parameter profile shown in Fig. 4 . The voltage dependence of f is shown in the inset of Fig. 4 . It can be seen that when no voltage is applied, the focal length is 25 mm, and it increases at higher applied voltages. Moreover, the focal length can be tuned further on applying a higher electric field and could become infinite on applying a sufficiently large voltage. Thus, the focal length of the fabricated lens can be tuned in a broad range by applying a relatively smaller electric field. Only 3 V is enough to tune f from 2.5 to 20 cm, which can be decreased further by optimizing the LC parameters and cell gap of the lens. Furthermore, several other pretilt angle profiles and devices could be fabricated by the same methodology. To confirm this, a cylindrical lens was fabricated by using the rectangular mask, and its operation is shown by microphotographs at different applied voltages in Fig. 5 .
In this Letter, we reported an approach to generate the spatially variable pretilt angle profile that is used to design the low voltage tunable LC lens. The PA technique has been employed to generate the lens profile. By changing the irradiance, the pretilt angle can be tuned in a broad range (i.e., 1°-89°). All lenses, because of such pretilt angle profiles, can be controlled by an extremely low electric field, which is the real advantage of such an approach, and a lower cell gap provides relatively faster electro-optical modulation speed. Moreover, focal length can be tuned in a broad range (i.e., from the predefined f , by the fabrication parameters, to ∝) at a relatively lower electric field. Optimizing the LC and cell parameters can decrease the operating voltages further. In addition to this, with precise control on parameters of the exposing mask, the distance between the mask and substrate, and angular divergence of the exposing light source, one can achieve any desired lens profile and aperture ratio. Furthermore, given the easy fabrication procedure in association with low operating voltages, such devices could find applications in many modern optical and photonic devices. The proposed approach can also be employed to fabricate the bistable or VAN LC displays, photonic elements e.g., beam steering devices, diffraction gratings, etc.
In spite of having several advantages, further research is required to improve the lens profile, which could include use of certain grayscale masks or control of exposing environments, but these are simple technological issues that can be resolved by further improvement in the technology.
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